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Abstract
The compliance of the vessel wall affects hemodynamic parameters which may alter the permeability
of the vessel wall. Based on experimental measurements, the present study established a finite
element (FE) model in the proximal elastic vessel segments of epicardial right coronary arterial
(RCA) tree obtained from computed tomography. The motion of elastic vessel wall was measured
by an impedance catheter and the inlet boundary condition was measured by an ultrasound flow
probe. The Galerkin FE method was used to solve the Navier-Stokes and Continuity equations, where
the convective term in the Navier-Stokes equation was changed in the arbitrary Lagrangian-Eulerian
(ALE) framework to incorporate the motion due to vessel compliance. Various hemodynamic
parameters (e.g., wall shear stress-WSS, WSS spatial gradient-WSSG, oscillatory shear index-OSI)
were analyzed in the model. The motion due to vessel compliance affects the time-averaged WSSG
more strongly than WSS at bifurcations. The decrease of WSSG at flow divider in elastic bifurcations,
as compared to rigid bifurcations, implies that the vessel compliance decreases the permeability of
vessel wall and may be atheroprotective. The model can be used to predict coronary flow pattern in
subject-specific anatomy as determined by noninvasive imaging.
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INTRODUCTION
Atherogenesis is affected by hemodynamic parameters (Fry, 1968; Caro et al., 1971; Ku et al.,
1985; Moore et al., 1994; He and Ku, 1996; Lei et al., 1996; Kleinstreuer et al., 2001), such as
wall shear stress (WSS), WSS spatial gradient (WSSG), and oscillatory shear index (OSI).
These parameters are strongly influenced by flow disturbances, which are largely dependent
on the geometry of arterial tree (Ku, 1997). The locations with low WSS and high OSI have
been thought to be atherosclerotic-prone (Caro et al., 1971; Ku et al., 1985; Moore et al.,
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1994; He and Ku, 1996). The high WSSG hypothesis of atherogenesis has been proposed at
the flow reattachment, where the permeability of LDL (low-density lipoprotein) is increased
(DePaola et al. 1992; Herrmann et al., 1994; Buchanan et al., 1999; Kleinstreuer et al., 2001;
Ogunrinade et al., 2002). The effect of vessel compliance on WSSG has not been investigated.

The CFD (computational fluid dynamic) model has been used to describe the flow patterns in
different anatomical geometries (Perktold et al., 1991a; 1991b; Santamarina et al., 1998; Taylor
et al., 1998; Weydahl et al., 2001; Stroud et al., 2002; Zeng et al, 2003; Ramaswamy et al.,
2004; Sankaranarayanan, 2006). We have recently used the FE (finite element) method to
investigate the flow patterns in the epicardial arterial tree of porcine (Huo et al., 2007) and
entire length of mouse aorta and primary branches (Huo et al., 2008), in which the vessel walls
were assumed to be rigid. Moore and his associates implemented a dynamic analysis in a curved
tube model (Santamarina et al., 1998) and a bifurcation model (Weydahl et al., 2001) of
coronary arteries, where an idealized motion was used to mimic the heart beat. Ethier and his
colleagues (Zeng et al., 2003) investigated the effects of cardiac-induced motion on
hemodynamics in the main trunk of human right coronary arteries. Although the motion
induced by heart beat has been investigated, the wall motion due to vessel compliance has not
been considered. The objective of the present study is to investigate the effect of vessel
compliance on the pulsatile flow pattern including WSS, WSSG, and OSI in the epicardial
right coronary arterial (RCA) tree.

The morphometric data of RCA tree was obtained from CT (computed tomography) scans and
the wall motion due to vessel compliance was measured by an impedance catheter (Kassab et
al., 2005; Kassab et al., In review). An inlet boundary condition was imposed from the
measured flow velocity and the outlet boundary condition was an estimated flow velocity from
scaling laws (Kassab, 2006, Huo and Kassab, 2009a; 2009b). The Galerkin FE method (Huo
and Li, 2004; 2006) was used to solve the Navier-Stokes and Continuity equations through
FORTRAN program. After the meshes were updated at each time step, the convective term in
the Navier-Stokes equation was changed based on the arbitrary Lagrangian-Eulerian (ALE)
frameworks (Donea J., 1983). The hemodynamic parameters (i.e., WSS, WSSG, and OSI) were
analyzed systematically. The results show that OSI is small in the epicardial RCA tree. Motion
due to vessel compliance has a small effect on the time-averaged WSS and WSSG in the main
trunk of RCA tree, but decreases WSSG at bifurcations. The decrease in time-averaged WSSG
at the bifurcation flow divider has been shown to decrease wall permeability and hence may
be atheroprotective. The significance and limitation of the FE model are outlined.

MATERIALS AND METHODS
Animal Preparation

Studies were performed on five normal Yorkshire porcine of either sex with body weight of
34.3– 42.1 kg. The experimental procedures of the animal preparation were similar to those
described by Kassab et al (1993; 2005; In review). The animal protocols were approved by the
Institutional Animal Care and Use at Indiana University-Purdue University, Indianapolis.

Briefly, surgical anesthesia was induced with TKX (Telaxol 500 mg, Ketamine 250 mg,
Xylazine 250 mg) and was maintained with pentobarbital sodium (30 mg/kg iv in an ear vein).
A midline sternotomy was performed; ventilation with room air was provided with a respiratory
pump; and anticoagulation was provided with heparin (100 IU/kg). Arterial pressure was
measured through a catheter inserted through the carotid artery into the ascending aorta. The
perivascular flow probe (Transonic Systems Inc.; relative error of ±2% at full scale), which
was connected to the flow meter module by a flexible cable, was mounted on the most proximal
RCA directly. Both flow meter module and pressure catheter were monitored with a Biopac,
MP 100. A sheath was introduced through the ascending aorta to access RCA. An impedance
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catheter (diameter of 1.0 mm) was inserted through the sheath to access RCA (Kassab et al.,
2005; Kassab et al., In review). The dynamic changes of lumen cross-sectional area (CSA) of
RCA were measured using the impedance catheter and the two-injection method (Kassab et
al., 2005; Kassab et al., In review). Figure 1 shows the measured inlet RCA flow velocity and
phasic vessel wall diameter.

An incision was made in the pericardium, and the heart was supported in a pericardial cradle.
A 1-liter bottle containing a hypothermic (10° C), isotonic, cardioplegic rinsing solution
[composed of EGTA, 1 mM; calcium-channel blocker nifedipine, 0.2mg/l; and adenosine,
80mg/l] was hung above the heart. A 14-gauge needle was connected to the rinsing solution
with Tygon tubing. The needle was inserted into the ascending aorta with no perfusion initially.
The heart was then arrested with a saturated KCl solution given through a jugular vein, and
the tubing was unclamped to allow immediate perfusion of the cardioplegic rinsing solution.
The aorta was clamped proximal to the needle to allow perfusion of the coronaries through
Valsalva’s sinus. The superior and inferior venae cavae were cut to allow free drainage of
blood. The heart was covered with crushed ice for several minutes during perfusion with ~500
ml of cardioplegic solution. The heart was then excised with the ascending aorta still clamped
to keep air bubbles out of the coronary arteries.

Anatomical Model from CT Scans
After the heart was excised, it was placed in a saline solution. The RCA, LAD (left anterior
descending artery), and LCX (left circumflex artery) were cannulated under saline to avoid air
bubbles and perfused with cardioplegic solution to flush out the blood. The three major arteries
(RCA, LAD and LCX) were individually perfused at a pressure of 100 mmHg with three
different colors of Microfil (Flow Tech Inc.). After the Microfil was allowed to harden for 45
to 60 minutes the hearts were kept in the refrigerator in saline solution until the day the CT
scan was performed. The scans were made axially (120mas 120kv, 0.6/0.6mm slice) on a 16
slice scanner (Siemens Somatom). A reconstructed CT Image of RCA was selected for mesh
generation.

3-D FE Model
The Navier-Stokes (momentum) and continuity equations were solved using Galerkin FE
method (Huo and Li, 2004; 2006). The dynamic mesh was updated by solving a Laplace
problem and the convective term in the momentum equation was changed based on the arbitrary
Lagrangian-Eulerian (ALE) frameworks. FORTRAN program was used to implement the FE
method. The details of mathematical formulations are described in Appendix A.

Before the final transient simulation, a mesh dependency was conduced so that the relative
error in two consecutive mesh refinements was smaller than 1% for the maximum velocity for
steady state flow with inlet flow velocity equal to the time-averaged velocity over a cardiac
cycle. A total of almost 310,000 finite elements were required to accurately mesh the
computational domains, as shown in Fig. 2. The backward method was used for the time
integration. A constant time step was employed, where Δt = 0.005 s with 108 total time step
per cardiac cycle. Although blood is a suspension of particles, it behaves as a Newtonian flow
in tubes with diameters > 1 mm (Nichols et al., 1998). The epicardial RCA vessel segments
considered satisfy this criterion, as shown in Table 1. The viscosity (μ) and density (ρ) of the
solution were selected as 4.5 cp (Nichols et al., 1998) and 1.06 g/cm3 (Cutnell et al., 2006),
respectively, to mimic blood flow with a hematocrit of about 45% in medium size arteries.

A uniform flow velocity profile was assumed at the inlet of RCA tree because the RCA tree
attaches to the aorta. The parabolic flow velocity profile was applied to each outlet of RCA
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tree because the inlet blunt flow velocity can quickly develop into a fully-developed parabolic
profile (Huo et al., 2007).

Hemodynamic Parameters
The velocity and pressure of the blood flow were calculated by solving the equations of
continuity and Navier-Stokes. Reynolds and Womersley numbers were obtained from the
geometry and dynamic parameters. WSS, WSSG, and OSI were determined based on the
velocity field (see detailed formulation in Appendix B).

RESULTS
The flow velocity was calculated from the flow rate measured at the proximal RCA by a
perivascular flow probe. Figure 1 shows in vivo pulsatile flow velocity with heart rate of about
110 beats/minute. Since several proximal arteries were only investigated, we found no changes
of the ratio of instantaneous diameter to mean diameter. The dynamic changes of vessel
diameter due to vessel compliance, as shown in Fig. 1, were measured at the RCA using an
impedance catheter. Figure 2 shows the meshes obtained from CT scans, where I0 represents
the inlet of RCA tree and O1–O4 are the outlets of RCA tree. Table 1 lists the morphometric
and hemodynamic parameters (time-averaged mean velocity, time-averaged flow rate, and
flow split) corresponding to Fig. 2.

Figures 3a and 3b show the time-averaged cross-sectional flow velocity vector over a cardiac
cycle along the main trunk of RCA tree in anterior and posterior views, respectively. It is found
that the blunt core velocity profile at the inlet of RCA tree gradually develops into a parabolic
velocity profile. Reynolds number and Womersley number are about 80 and 2, respectively,
at the inlet of RCA tree. Figures 3c–d and 3e–f show the distribution of time-averaged WSS
and WSSG, respectively, corresponding to Figs. 3a and 3b. The curved and twisted main trunk
of RCA, as shown at positions A and B in Fig. 3, has a very complex distribution of WSS and
WSSG. There is low WSS at positions C (opposite to junction orifice between main trunk and
primary branches) and E (lateral to junction orifice) in Fig. 3. Figures 4a–f and 5a–f show the
transient change of WSS and WSSG, respectively, along the main trunk of RCA. It is noted
that the elastic vessel wall has a relatively small effect on WSS and WSSG in the main trunk.
There is a very small value of OSI (< 0.002) in these arteries.

Bifurcations of different diameter ratios (the ratio of small to large daughter diameters) were
obtained from casts, as shown in Figs. 6a and c as typical examples. The bifurcation with outlets
O2 and O3 marked in Fig. 2 was changed to reflect the different diameter ratios of 0.5 and 0.3,
which represents most bifurcations in the epicardial coronary arterial tree (Kaimovitz et al.,
2008). The boundary condition at outlet O2 in Fig. 2 was recalculated based on a scaling law
and cast diameter. The respective meshes are shown in Figs. 6b and d.

Figures 7a–c show the time-averaged velocity vector, WSS, and WSSG, respectively for
diameter ratio of 0.5. Consequently, Figures 8a–b and 9a–b show the transient change of WSS
and WSSG at positions A′ (opposite to flow divider) and B′ (flow divider) in Fig. 7b,
respectively. Figures 7d–f show the time-averaged velocity vector, WSS, and WSSG for
diameter ratio of 0.3. Figures 8c–d and 9c–d show the transient change of WSS and WSSG,
respectively for diameter ratio of 0.3. Table 2 shows the time-averaged WSS and WSSG at
positions A′–D′ in Fig. 7. It is found that WSS opposite to flow divider (positions A′ and C′)
decreases with the diameter ratio. The WSSG at flow divider (positions B′ and D′) increases
as the diameter ratio decreases. In particular, there is strong WSSG around the orifice as shown
at positions E′ in Fig. 7. The vessel compliance reduces the time-averaged WSSG at flow
divider as compared with rigid wall.
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DISCUSSION
A Galerkin 3-D FE model was used to perform a detailed hemodynamic analysis of proximal
RCA tree obtained from CT scans. The 3-D mesh moving technique was used to solve the
moving flow boundaries due to vessel compliance. The effect of diameter ratio was studied at
bifurcations. The major findings are: 1) vessel compliance decreases the time-averaged WSSG
at the flow divider of bifurcations while it has a relatively small effect on WSS and WSSG in
the main trunk of epicardial RCA tree and 2) OSI is small in the proximal right coronary arteries.

A recent study of porcine LAD epicardial arterial tree (Huo et al., 2007) showed that low WSS
and high OSI occur opposite to flow divider and lateral to the junction orifice. High WSSG,
on the other hand, is found at the flow divider. Our results show a very low value of OSI
(<0.002) in the proximal RCA because there are no retrograde flows in the RCA (Hoffman
and Spaan, 1990). Figure 1 shows that the minimum flow velocity at the inlet of RCA is > 5
cm/s unlike the significantly lower flow velocity at the inlet of LAD (Huo et al., 2007) and
aorta (Huo et al., 2008), which is largely responsible for the high OSI.

The low WSS occurs opposite to junction orifice between main trunk and primary branches
and lateral to junction orifice, as shown at positions C and E in Figs. 3c and d, which is
consistent with previous studies (Huo et al., 2007; 2008). Unlike the LAD and aortic arch, low
and high WSS, as shown at positions A and B in Fig. 3c and d, do not exist on the large inner
and outer curvature of RCA main trunk, respectively. This may be due to the twisted and curved
geometry of RCA main trunk (Fig. 2), which generates small transformations (e.g., pitch, roll,
or yaw) inside the large curvature so that it leads to much more complex WSS distribution in
RCA than LAD. Since the time-averaged velocity is smaller in RCA than LAD, the value of
WSS is correspondingly lower. The complex and low WSS in the RCA main trunk may lead
to more atherosclerotic-prone sites, which is consistent with direct observation (Asakura and
Karino, 1990).

We investigated the distribution of flow velocity, WSS, and WSSG at bifurcations of several
different diameter ratios obtained from morphometric data. The flow simulation at bifurcations
in Fig. 7 has the same features as those at bifurcations of LAD epicardial arterial tree (Huo et
al., 2007); i.e., low WSS coincident with low WSSG which occurs opposite to flow divider
and lateral to the junction orifice and high WSSG at the flow divider. Furthermore, it is noted
that low WSS opposite to flow divider decreases with a decrease in diameter ratio, as shown
at positions A′ and C′ in Fig. 7. This may be caused by the relatively enlarged zone of stagnated
or secondary flows opposite to flow divider, as shown in Figs. 7a and d.

The cross-sectional area of coronary arteries undergoes large change over a cardiac cycle due
to vessel compliance (Hamza et al., 2003). A reduction of arterial wall compliance is associated
with the onset of disease, such as atherosclerosis, hypertension, and diabetes mellitus (Glasser
et al., 1997). For example, Farrar et al. (1991) showed a decrease in monkey aortic distensibility
with the development of atherosclerosis and restoration with atherosclerosis regression. The
relation between vessel compliance and hemodynamics parameters has not been previously
investigated in the RCA tree. The change of vessel diameter due to vessel compliance (Fig. 1)
was measured by an impedance catheter. The comparison of WSS between rigid and elastic
models is shown in Fig. 4 for main trunk and Fig. 8 for bifurcation in the proximal RCA tree.
The distribution of time-averaged WSS in elastic vessels of RCA main trunk is similar to that
in rigid vessels. Ethier and his associates (Zeng et al., 2003) studied the blood flow patterns in
the main trunk of RCA without considering the primary branches and found that the time-
averaged WSS distribution was similar to the prediction in a static model. At bifurcations,
Table 2, there is a small difference between time-averaged WSS between elastic and rigid
walls.
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Experimental studies (Zeinder et al., 1989; Herrmann et al., 1994) have shown that there is
elevated LDL permeability at the flow divider with high WSS, which apparently contradicts
the “low WSS-atherogenesis” hypothesis. DePaola et al. (1992) and Buchanan et al. (1999)
related the elevated LDL permeability to high WSSG. It has been postulated that low WSS and
high WSSG may increase permeability by different mechanisms (Ogunrinade et al., 2002).
The time-averaged WSSG, as shown in Table 2, is found to decrease at the flow divider of
elastic bifurcations. Lever and his colleagues (1993, 1996) showed that protein movement
across the artery wall depends on transmural pressure and flow-sensitive polarization layer.
Meyer et al. (1996) showed that rigid and elastic vessel segments have the same LDL uptake
when the transmural pressure is in normal range of 70 mmHg. The vessel elasticity plays a
more important role in higher pressures (e.g., at 120 and 160 mmHg). The permeability of LDL
is not affected by the pressure since the pressure change induced by the vessel compliance is
found to be small in the epicardial RCA tree. The permeability of LDL is determined mainly
by the flow parameters; i.e., WSS and WSSG. The elasticity-induced decrease of time-averaged
WSSG at flow divider, as shown in Figs. 9b and 9d and Table 2, implies that the elasticity may
reduce the permeability of LDL at bifurcations.

Critique of the Model
Although the motion of vessel wall is due to heart beat and vessel compliance, only vessel
compliance is considered here. The motion due to heart beat can be included when the
experimental measurement is available in the epicardial RCA tree. Since the flow is assumed
to be single phase, only hemodynamic parameters (WSS, WSSG, and OSI) are analyzed. The
multi-phase mass transport models (Tarbell, 2003) can be incorporated into the present FE
model to predict permeability of LDL. Although previous published literatures support the
predictions of FE model, the direct experimental measurements should be made to compare
the permeability of LDL between rigid and elastic vessel bifurcations in future studies.

Significance of the Model
The present study developed a FE model based on CT scans and physiological measurements
in the normal epicardial RCA tree to predict the role of vessel compliance. The hemodynamic
parameters indicate the possible sites of predilection to atherosclerosis. In the future, the model
can be made patient specific through medical imaging to guide diagnosis, intervention, and
therapy.
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APPENDIX A

FE Model
Governing Equations and Boundary Conditions

The governing equations were formulated for an incompressible, Newtonian fluid. The
equations of Continuity and Navier-Stokes can be written as:

[1]
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[2]

where v, P, ρ, and μ represent the velocity vector, pressure, blood density, and viscosity,
respectively. Equations [1] and [2] are solved for velocity and pressure given appropriate
boundary and initial conditions. Because the moving wall boundary due to vessel compliance
is considered, the 3-D mesh moving technique is used to solve the moving fluid boundaries.
In the present study, we update the mesh by solving a Laplace problem which provides the
displacement (s = x · e1 + y · e2 + z · e3) of each point as follows:

[3]

After Eq. [3] is solved, the nodal velocity (vnode) due to the transient changes of meshes, is
calculated. The convective term in Eq. [2] is changed to ρ (v + vnode) · ∇v, based on the ALE
frameworks.

The solution of governing equations in RCA is determined subject to the following boundary
conditions:

[4]

[5]

[6]

Equations [4–6] are inlet flow (vinlet), moving wall (vwall), and outlet flow (voutlet) boundary
conditions, respectively. The inlet flow and moving wall boundary conditions, as shown in
Fig. 1, are obtained from experimental measurements. The outlet flow boundary conditions
are estimated based on scaling laws (Kassab GS, 2006; Huo and Kassab, 2009a; 2009b).

Method of Solution
Equations [1] and [2] are solved using the FE method described in our previous studies (Huo
and Li, 2004, 2006). Briefly, the computational domain of blood flow is first divided into small
elements. With each element, the dependent variables v and P are interpolated by the shape
functions, φ(x) and ψ(x) (x is the coordinate), as:

[7]

where Vm (t) and P(t) (superscript m denotes the m-th component of velocity vector) are the
unknown column vectors at each element nodal point. The matrix form of the discretized
equations may be written as follows:

[8]
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where the global matrices M, A(V), C, and K are assembled from the following element
matrices

and

where Ωe is the computational domain of an element, ei (i =1, 2, 3) is a unit vector in the i-th
direction. The right-hand side of Eq. [8] (F1 and F2) is obtained from the inlet and outlet
conditions, Eqs. [4] and [6], respectively, which is iteratively updated at every time step in the
transient computation.

With each element, the displacement variable s is interpolated by the shape functions, s(x) =
ϕ (x)S. The matrix form of the discretized Eq. [3] may be written as follows:

[9]

where F3 is determined by Eq. 5. The nodal velocity (vnode) due to the transient changes of
meshes is calculated in each node, which is incorporated in the convective term A(V). The
assembled global matrix equations are stored and solved using the LU decomposition with
partial pivoting and triangular system solvers through forward and back substitution
(Superlud_dist, which is implemented in ANSI C, and MPI for communications) in the BigRed
Cluster of Indiana University, which is a 1024-node (4096- processors) distributed shared-
memory cluster, designed around IBM’s BladeCenter JS21.

The fluid calculation with moving wall is solved iteratively using the backward method. A new
mesh is generated from Eq. [9] at the next time and the velocity vnode is calculated at each
nodal point and Eq. [8] is then solved for the fluid flow field. The iteration continues until all
the variables converge within a preset tolerance (relative error of flow velocity < 1 × 10−4).

APPENDIX B

Hemodynamic Parameters
The Reynolds (Re) and Womersley (α) numbers are defined as follows:

[10]

[11]
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whereV = Vmin, Vmax, or Vmean, R and D, ω ρ, and μ represent minimum, maximum, or time-
averaged velocity at the inlet of ascending aorta, radius and diameter of ascending aorta, angular
frequency of beating hearts, blood mass density, and viscosity, respectively.

At any point of 3-D FEM model, the stress can be represented as a nine-component tensor
( ), which can be written as follows:

[12]

where  is the shear rate tensor. The stress on the wall, its normal
component, and its two tangential components can be written as, respectively:

[13]

where n, t1, and t2 are the unit vector in the normal and two tangential directions, respectively.
The present time-averaged OSI can be written as follows:

[14]

The spatial derivatives of the stress can be obtained as follows:

[15]

where n, t1, and t2 are the natural coordinates. As define by (Buchanan et al., 1999), the diagonal

components  and  generate intracellular tension, which causes widening and shrinking

of cellular gap. However, the diagonal component  can cause endothelial cells rotation,
which may destroy the endothelial function too. Therefore, WSSG is defined as follows:

[16]

The time-averaged WSSG can be written:

[17]
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In order to plot the shear stress in the entire computational domain, WSS is determined as the
product of viscosity (μ) and wall shear rate (γ ̇), which is defined as:

[18]

The time-averaged WSS can be written as follows:

[19]

Equations [14] and [16–19] were used to calculate the OSI, WSSG, and WSS in the FE model.
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Figure 1.
In vivo pulsatile flow velocity waveforms measured at the inlet of RCA arterial tree in porcine
heart; Dynamic changes of elastic vessel diameter represented by (Instantaneous Diameter-
Mean Diameter)/Mean Diameter × 100.
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Figure 2.
Finite element mesh for numerical computation of RCA tree, where I0 represents the inlet of
RCA tree and O1–O4 are the outlets of RCA tree.
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Figure 3.
Time-averaged velocity vector (Grid Units/Magnitude of Velocity = 0.01) (a: anterior views,
b: posterior view); Time-averaged WSS (Unit: Dynes·cm−2) (c: anterior views, d: posterior
view); and time-averaged WSSG (Unit: Dynes·cm−3) fields over a cardiac cycle (e: anterior
views, f: posterior view); respectively.
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Figure 4.
Transient WSS (Unit: Dynes·cm−2) in a cardiac cycle, where Figs. a–f show the change of
WSS at positions A–F in Figs. 3c and 3d.
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Figure 5.
Transient WSSG (Unit: Dynes·cm−3) in a cardiac cycle, where Figs. a–f show the change of
WSSG at positions A–F in Figs. 3c and 3d.

Huo et al. Page 17

J Biomech. Author manuscript; available in PMC 2010 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Arterial bifurcation casts and the corresponding finite element meshes for bifurcations with
diameter ratio of 0.5 (a–b) and 0.3 (c–d). The diameter ratio is defined as small daughter
diameter/large daughter diameter
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Figure 7.
Time-averaged velocity vector (Grid Units/Magnitude of Velocity = 0.008), WSS (Unit:
Dynes·cm−2), and time-averaged WSSG (Unit: Dynes·cm−3) for arterial bifurcations with
diameter ratio = 0.8 (a–c); diameter ratio = 0.5 (d–f); and diameter ratio = 0.3 (g–i)
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Figure 8.
Transient WSS (Unit: Dynes·cm−2) in a cardiac cycle, where Figs. a–d show the change of
WSS at positions A′–D′ in Fig. 7.
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Figure 9.
Transient WSSG (Unit: Dynes·cm−3) in a cardiac cycle, where Figs. a–d show the change of
WSSG at positions A′–D′ in Fig. 7.
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Table 2
Hemodynamic parameters (Time-averaged WSS and WSSG) at bifurcations of
RCA with different diameter ratios, where A′–D′ correspond to positions A′–D′ in
Fig. 7

Positions
WSS (Dynes·cm−2) WSSG (Dynes·cm−3)

Rigid Wall Elastic Wall Rigid Wall Elastic Wall

Low WSS Position (opposite to flow divider)

 A′ 4.18 4.18 18.9 18.4

 C′ 2.33 2.42 18.6 15.7

High WSS Position (at flow divider)

 B′ 9.61 9.53 35.9 34.1

 D′ 7.08 7.02 54.2 50.3
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